Abstract-Quad-rotor UAVs have generated considerable interest in the control community because of their wide applications due to their advantages over regular air vehicles. In this paper Gain-Scheduling PID (GS-PID) control approaches were designed for a quad-rotor UAV with the feature of being a multivariable nonlinear system. The control target, a Quanser Qball-X4 quad-rotor UAV, was introduced in this paper. The proposed design procedure of control approaches is based on the parameter dependent quadratic stability approach. The mission processes includes a programmed path tracking of the quad-rotor, and a fault-tolerant process of the quad-rotor during hovering. Simulation results carried out are shown, wherein the performance achieved with these control strategies are shown as well. The simulation results show that control algorithms implemented for the quad-rotor UAV in this paper could increases the performance of the quad-rotor UAV in tracking the desired trajectory and increases reliability of the UAV.
I. INTRODUCTION
Unmanned Aerial Vehicle (UAV) is a special kind of aircraft, which can fly independently or controlled via remote signals. In recently years, due to the increasing military and civilian requirements, the rotor craft UAV has become most popular. Especially, with the continuous development of microelectronics technology in recent years, quad-rotor UAV achieved rapid development, and it has been widely applied in aerial photography, remote sensing, environmental monitoring, disaster relief, public security, fire alarming, antiterrorism, cinematography, express delivery and other related areas due to its advantages including flexible control, low cost, etc. [1, 2, 3] .
However, the flight control of rotor craft UAV has brought challenges to researchers. Since the quad-rotor UAV is a typical non-linear, strong coupling, underactuated and multi-input and multi-output complex system, and all these make its control design complicated. This has motivated the research and development of new control systems for the applications of UAV. A lot of researches have been carried out in a wide range of fields Manuscript received Sept. 25, 2017; revised July 1, 2018. in control, such as computer vision feedback, fusion sensor, and linear and nonlinear control methodologies to improve performance of this kind of system. Equations of motions for quad-rotor UAV can be found in [4] , [5] . These equations can be used for the control of the quadrotor UAV by means of many control strategies, such as MPC, H1, and PID [6] , [7] , [8] . Feedback information can be provided by inertial measurement units, GPS, or even computer vision systems [9] .
Proportional-Integral-Derivative (PID) controllers are the most widely used controllers in various industries. PID controllers are also reliable and easy to use for most industrial applications [10] . However, classical PID control sometimes can not meet the flight safety of the aircraft in special circumstances when the parameters or the state of the UAV change rapidly, such as UAV with a flight mission of payload dropping, or flying at abnormal state. In recent years, professor Zhang in Concordia University proposed to use Gain-Scheduling based PID (GS-PID) controller for fault tolerant control (FTC) and payload drop application of a quad-rotor UAV [11, 12] . It is known that GS-PID is a versatile technique which can be used for situations in which the parameters or the operating conditions of the plant can change largely and rapidly [13, 14] . In aerospace applications, different portions of the flight envelope must be considered in control system design for different flight conditions. Various phases of flight need proper tuning of the controller gains under different flight conditions [15, 16] .
In view of popularity of GS-PID and advantages of such simple and model-free control design strategy, a GS-PID controller that assumes a separate set of gains for an actuator fault injected procedure is designed and implemented for the fault tolerant control of a quad-rotor UAV during its hovering in this paper. The interpolation algorithm is also used to optimize the Gain Scheduling PID tuning process, which reduces the workload of GS-PID controller tuning, as well as optimizes the faulttolerant control performance. The proposed control law stabilize the quad-rotor UAV system and drive the system states, including three-dimensional positions and yaw angle to track the desired path, while keep the closed loop system stable.
The sections of the paper is organized as follows. Section 2 describes the model of quad-rotor used in this study. In Section 3, the controller structure and the system parameters are explained. Simulation results are presented in Section 4, and finally conclusions and future works are drawn in Section 5.
II. SYSTEM MODELING

A. Qball-X4 Quad-rotor UAV
The quad-rotor UAV which is as the object of this study is the Qball-X4 [17] as shown in Fig. 1 
where i =1, 2, 3, 4 and k is a positive gain and ω is the motor bandwidth. k and ω are theoretically the same for the four motors but this may not be the case in practice. It should be noted that u i =0 corresponds to zero thrust and u i =0.05ms corresponds to the maximal thrust that can be generated by the No.i motor. The block diagram of the UAV system is illustrated in Fig. 2 . It is composed of three main parts. The first part represents the Electronic Speed Controllers (ESCs), the motors, and the propellers in a set of four. The input to this part is u=[u 1 T generated by four individuallycontrolled motor-driven propellers. The second part is the geometry that relates the generated thrusts to the applied lift and torques to the system. This geometry corresponds to the position and orientation of the propellers with respect to the center of mass of the Qball-X4. The third part is the dynamics that relate the applied lift and torques to the position (P), velocity (V) and acceleration (A) of the Qball-X4. 
B. System Modeling
Modeling a vehicle such as a quad-rotor is not an easy task because of its complex structure. Our aim is to develop a model of the vehicle as realistically as possible. A quad-rotor is an under actuated aircraft with fixed pitch angle as shown in Fig. 3 . Having Quad-Rotor with fixed angles makes quad-rotor has four input forces which are basically the thrust provided by each propellers. The motors and propellers are configured in such a way that the back and front (1 and 2) motors spin clockwise (thus inducing two counterclockwise torques on the body) and the left and right (3 and 4) spin counterclockwise (thus inducing two clockwise torques on the body). Each motor is located at a distance L from the center of mass O (0.2 m) and when spinning, a motor produces a torque τ i which is in the opposite direction of motion of the motor as shown in Fig. 3 . Forward (backward) motion is maintained by increasing (decreasing) speed of front (rear) rotor speed while decreasing (increasing) rear (front) rotor speed simultaneously which means changing the pitch angle. Left and right motion is accomplished by changing roll angle by the same way. The front and rear motors rotate counter-clockwise while other motors rotate clockwise so yaw command is derived by increasing (decreasing) counter-clockwise motors speed while decreasing (increasing) clockwise motor speeds. The origin of the body-fixed frame is the system's center of mass O with the x-axis pointing from back to front and the y-axis pointing from right to left. The thrust T i generated by the i th propeller is always pointing upward in the z-direction in parallel to the motor's rotation axis. The thrusts T i and the torques τ i result in a lift in the z-direction (body-fixed frame) and torques about the x-, yand z-axis.
The relations between the lift/torques and the thrusts are
The torque τ i produced by the i th motor is directly related to the thrust T i via the relation of
with K as a constant. In addition, by setting T i =Ku i the above relations can be written in a compact matrix form as:
where u z is the total lift generated by the four propellers and applied to the quad-rotor UAV in the z-direction (body fixed frame). u θ , u φ and u φ are respectively the applied torques in θ, φ and -directions (see Fig. 3 ). L is the distance from the center of mass to each motor.
Because many control design methods can still keep good performance with the parameter uncertainty in the model, it is acceptable with reasonable model simplification. A commonly employed quad-rotor UAV model is:
The (x, y, z) is the system position, ( , θ, ) is respectively the rolling angle, pitch angle and yaw angle. g is the gravity acceleration, l is the distance from the center of the rotor to the rotor; the m is mass, J i (i=1,2,3) represents the going inertia relative to the shaft. K i is the constant associated with the traction coefficient. u i is Virtual control input, the expression is respectively as, 2, 3, 4) is the forces generated by Quad-Rotors, C is a coefficient.
The model used in this paper does not take into account the interference, and if the interference is taken into account, it becomes more complex and the controller design is more difficult.
III. CONTROLLER DESIGN
A. The Algorithm of the PID Controller
The key idea of PID control algorithm is to eliminate the deviation according to the deviation. The algorithm can predict the future of the control system in the past, the present and the controlled system effectively. Control systems are usually composed of system set values, controlled objects, and PID controllers. The structure of the PID control system is shown in figure 4 . According to the figure, the system consists of two parts, the forward channel and the feedback channel. The output of the controlled object y (t) is used as the input of the feedback channel. The value and control system for a given value of y d (t) value of the deviation control system (error), error(t) = y d (t) -y(t), the deviation by proportional integral differential three after adding u(t) as a controlled object input. The PID algorithm for u(t) follows the following procedure:
Transfer function is obtained after Laplace transformation of formula:
The above two equations are the form of expression of PID control algorithm and is the most commonly used type, K p or T i , to gain proportional coefficient integral time constant, T d differential time constant, PID, PI, PD can be P or PID, in all of the PID controller is an indispensable part. The three parameters of K p , T i and T d in PID controller are different to the system. Increasing the scale factor K p can speed up the system's response speed, increase the system's control accuracy and reduce the static error of the system, but it could not completely eliminate the static error of the system. Increase the integral time constant T i , integral effect is reduced, the control system overshoot, oscillation frequency reduction, the system more stable, but will lengthen the system to eliminate static error, reduce the integral time constant has the opposite effect. When the differential time constant T d is increased, the response speed of the system increases, the overshoot decreases, and the stability increases, but too much will cause the system to suppress the disturbance. In the actual control system, according to the specific requirements of the control system, the three parameters are dynamically adjusted until the performance requirements of the control system are met.
The algorithm of the PID controller for discrete version is shown as following: 
B. Gain Scheduling Control Approach
Generally, if the change of dynamics in a system/process with the operating condition is known, it is possible to change the parameters of the controller by monitoring the operating conditions of the process. This approach is gain scheduling, because the scheme was originally used to accommodate changes in process gain only. A block figure of a control system with gain scheduling mechanism is shown in Fig. 5 . The idea of relating the controller parameters to auxiliary variables is not new, but the implementation of gain scheduling is still challenging in practice. In this paper, with the aim of fault-tolerant control of the Quadrotor UAV while an actuator fault is injected during hovering period, the interpolation algorithm is used to optimize the Gain Scheduling PID tuning process. A set of pre-tuned PID controller gains are applied to the controllers for expected fault occurrences or for situations in which the parameters or the operating conditions of the UAV can change largely and rapidly. Under the assumption that a fault detection and diagnosis module can detect and identify the fault quick and correctly, this control scheme can be used for switching pre-tuned PID controllers for obtaining best performance for each considered fault case. Based on these considerations, the Gain Scheduling based PID control approach was used in this paper by exploiting the advantages for PID controllers and gain scheduling control strategy [11] .
But a general rate of control with gain scheduling algorithm has yet to be realized. Each fault case or parameter change must be handled separately. In order to overcome this limitation, the interpolation algorithm is used to optimize the gain scheduling control in this study. Assume that proper controller gains of the PID controllers have been found for different situations, these values can be stored in a parameter table which will be picked based on a gain scheduling variable based on the different fault types and magnitudes. In the actual operation of the system, the region of the compensator is determined according to the situation. When different faults occur, the PID controllers will be switched to the corresponding fault case, and the parameters of the compensator are determined by interpolation between the operation points. With the gain scheduling table, the PID parameter can be reset by interpolation method according to different fault.
To acquire different gains, La Grange formula can be used for the interpolation algorithm.
where K is controller gains associated with proportional (P), integral (I), and derivative (D) actions respectively. f is the failure rate parameter for specified fault types. The subscript i and j are the specified failure rate in the parameter table.
C. System Parameters
In this paper, a simulation module of Quad-rotor UAV is built by Matlab/Simulink, and system simulation is carried out to verify the expected result of GS-PID controller. The sketch map of the simulation system designed is as follows. Table I .
The Matlab Control System Toolbox provides complete commands and algorithms for solving linear two-order optimal control problems. Normally, if the desired input signal is small, select the larger R matrix, which forces the input signal to be smaller. Otherwise, the objective function will increase and will not achieve the optimization requirements.
Step signals are added to the control system, and then the parameters of the PID are adjusted. With repeatedly adjusting the PID parameter, we get the most desirable PID parameter. The parameters of the final selected Q, R, and scheduled P, I, and D for controllers of each parameter are shown in table II for the path tracking mission. For the fault tolerant hovering mission with only single GS-PID controller for the height parameter Z implemented, according to the percentage of failure rate injected into the actuator, the fault condition of the system is divided into following 4 sections: 0~5% total lift drop, 5~10% total lift drop, 10~15% total lift drop and 15~20% total lift drop. The corresponding gain is scheduled in each section, and gain scheduling table is shown in Table III . 
IV. SIMULATION RESULTS
A. Fault Tolerant Control of GS-PID Controller
When the Quanser Qball-X4UAV is hovering stable and the actuator fault is injected, the simulation results of UAV altitude with single PID controller and with GS-PID controller were compared. Fig. 7 shows the height change of the UAV when the 7% actuator fault is injected with PID controller. It could be seen that the height of the drop is about 15.1 cm. After the 4.9s, the UAV is restored to the balance position with PID controller. Fig. 8 shows the height change of the UAV when the 7% actuator fault is injected with GS-PID controller. It could be seen that the height of the drop is about 7.2 cm. After the 3.1s, the UAV is restored to the balance position with GS-PID controller. Fig. 9 shows the height change of the UAV when the 13% actuator fault is injected with single PID controller. It could be seen that single PID is unable to control the UAV to return to the equilibrium position. Because when the fault is injected, the aerodynamic force generated by the four propellers will be smaller than the gravity of the UAV, and the speed of the UAV will decrease quickly. The single PID output control is unstable, so aircraft begin oscillation. Certainly, the ability of UAV to restore steady state is related with the throttle limit of motors. The limited amplitude of the output of the PID controller and the low voltage of the battery will weaken the ability of the aircraft to recover the steady state. Fig. 10 shows the height change of the UAV when the 13% actuator fault is injected with GS-PID controller. It could be seen that the height of the drop is about 13.1 cm. After the 7.2s, the UAV is restored to the balance position with GS-PID controller. Although there is a small overshoot, it makes the UAV's drop decrease and restore to the steady state. Therefore, compared with the single PID, the GS-PID can deal with the fault state better, and has better fault-tolerant control performance. The GS-PID control method reduces the time and the amplitude of the UAV to recover the steady state, and can handle the larger actuator faults. It can be seen that after the system is stable, e is vibration up and down at 2 degrees that is to say the system tracking error is less than 6.7%. The trajectory tracking of yaw angle is achieved. Figs. 15 and 16 show the output curve of the system roll angle and pitch angle θ. As you can see from the figures, the roll angle and pitch angle tend to be stable in 5 seconds and vibrate at a maximum of 5 degrees. The magnitude of this vibration is acceptable in practice.
The simulation results indicate that in the trajectory tracking control, the state of system{x,y,z, } is to track the desired trajectory, while keep the attitude angle { ,θ} steady. The simulation results also indicated that the system control force for trajectory tracking is eventually stabilized at about 5 second, no more than 40 Newton within normal range, and the resultant composition forces is eventually stabilized near 19.6 newton, which is exactly the weight of the aircraft. Figure 17 is a three dimensional trajectory map of a Quad-Rotor unmanned aerial vehicle (UAV) trajectory tracking. As can be seen from the figure, the aircraft starts at points (0, 0, 0), then spirals up to the plane of z= 1, and this plane travels along a circle of 1 meters in diameter. Therefore, the control design makes the QuadRotor UAV achieve the trajectory tracking effect.
In order to further illustrate the dynamics control of the Quad-rotor UAV with present GS-PID controller, the control force and the torque under trajectory tracking are all shown in the following figures.
Figs. 18, 19, 20 and 21 show the results of the system control force for trajectory tracking. It can be seen from figure 14, 15, 16 and 17 that, the control forces of the system, F 1 ,F 2 ,F 3 ,F 4 , eventually stabilized at about 5 second, no more than 40 Newton within normal range. 
V. CONCLUSIONS AND FUTURE WORKS
A. Conclusions
In this paper, robust GS-PID control strategies were presented for the control of quad-rotor UAV in both missions. The proposed controller has been implemented in a nonlinear six-degree of freedom simulation model of a quad-rotor UAV.
Using the simulation, it is found that the GS-PID controller can achieve an excellent performance, and the model analysis, work point selection method and gain scheduling PID controller design presented in this paper is effective for the fault-tolerant control and the path tracking of the quad-rotor UAV. The simulation results show that the PID control structure for the quad-rotor UAV could increase the performance of the quad-rotor UAV in tracking the desired trajectory and increases reliability of the UAV. Based on the proposed pre-tuned controller gain design, advantages (for example, robust properties, easy design and implementation) of GS-PID controller can be employed and the drawback of lack of tuning of PID controller gains is avoided.
B. Future Works
Future works concerning implementing GS-PID control to multiple missions on a quad-rotor UAV, and adopting Fault Tolerant Control process in a complete flight mission of the quad-rotor UAV will be taken place.
A potential application of the GS-PID controller is the controlling of the payload dropping and payload carrying of a quad-rotor UAV in flight. In order to obtain the best stability and performance of Qball-X4 under both payload carrying and payload dropping conditions, especially in payload dropping scenario, the switching action from one set of PID gains to another plays a vital role in performance of the helicopter at the moment of releasing the payload. In other words, if this transient (switching) time is held long (more than one second), it can cause the Qball-X4 to overshoot abruptly and even a crash. This payload dropping and payload carrying using a quad-rotor UAV based on GS-PID control algorithms will be presented in future paper.
